The thickness of the heel pad was measured under serial incremental loads of 0.5 kg to a maximum of 3 kg and then relaxed sequentially. The load-displacement curve of the heel pad during a loading-unloading cycle was plotted and from this the unloaded heel-pad thickness (UHPT), compressibility index (CI), elastic modulus (Ep), and energy dissipation ratio (EDR) were calculated.
Soft-tissue defects of the heel are difficult to repair 1 which may explain the variety of methods used and differing opinions expressed, particularly in relation to the repair of weight-bearing zones. 2 Recent advances in the transfer of free tissue have included the use of muscle flaps covered with split-thickness skin grafts [3] [4] [5] [6] [7] and neurosensory fasciocutaneous flaps. 7, [8] [9] [10] Although excellent survival of the flap has been reported after these reconstructive techniques, the functional results regarding pain, shoe modifications, use of assistive devices and difficulties in gait have not been entirely satisfactory.
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Many authors have reported recurrent ulceration of free flaps transferred to the weight-bearing surfaces of the foot. 3, 6, 7, [12] [13] [14] [15] The aetiology of this ulceration has not been determined, but many factors have been implicated, including badly-fitting shoes, 16 faulty tailoring, 3 poor durability 17 of the flap and lack of sensation in the transferred tissue. 14, 15, 18 The varying qualities of the subcutaneous layer of the transferred muscle tissue of the flaps, together with the cohesion of the epidermal cells, may influence the stability. 19 It has been reported that the mechanical properties of the heel pad may play an important role in the development of shock-induced conditions such as heel pain and inflammation of the tendo Achillis. 20, 21 Our aim was to compare the mechanical properties of the uninjured and reconstructed heel pad using real-time high-resolution ultrasonography and a specially designed loading device.
Patients and Methods
We studied seven patients who had received flap reconstruction on the weight-bearing side of the heel (Table I) . Six had been involved in traffic accidents and one had diabetic ulceration. Free tissue transfer using a latissimus dorsi flap had been carried out in four, an anterior thigh flap in one and local flaps (a dorsalis pedis flap and a sural arterial flap) in two. Two of the latissimus dorsi flaps had been covered by split-thickness skin grafts, and two by a parascapular skin flap using the same vascular pedicle as for the muscle. The mean period from surgery to mechanical testing was 19.4 months (5 to 36). No ulceration of the flap was found in any patient at the time of examination. We constructed a loading-unloading device consisting of a fixation frame and a screw-travel positioner (Fig. 1) . A 10 MHz linear-array ultrasound transducer (HDI3000; Advanced Technology Laboratories, Bothell, Washington) with a contact area of 5 cm 2 was incorporated into a pushpull scale (IMADA FB-5K, Tokyo, Japan) and then mounted on the positioning unit. The fixation frame was used to stabilise the subject's lower leg. The ultrasound transducer could be cranked up and down manually by turning the knob at the upper end. This allowed the thickness of the heel pad to be measured precisely from the sonogram at different intended loads.
Each subject was placed prone with the ankle in neutral and the knee in 90° flexion. Both heels of each subject were examined. The skin was pretreated with alcohol to improve contact. A line was drawn connecting the second toe and the mid-heel for positioning of the ultrasound transducer. Ample jelly was applied between the transducer and the plantar heel. Initially, the transducer did not contact the skin so that the unloaded heel-pad thickness (UHPT) could be measured on the sonogram from the skin surface to the nearest calcaneal tuberosity (Fig. 2) . The ultrasound transducer was moved manually step-by-step at a speed of about 0.0006 m/s producing a gradual build-up of load. The thickness of the heel pad was measured after compression in serial increments of 0.5 kg to a maximum of 3 kg. The load was then relaxed sequentially. Each measurement step took about five seconds.
The mechanical properties of the heel pad including the UHPT, compressibility index (CI), elastic modulus (Ep) and energy dissipation ratio (EDR) were calculated. The CI was defined as the ratio of the thickness of the heel pad under maximal load (3kg) to that in unloaded conditions. The Ep was the value of the maximal compression pressure (0.6 kg/cm 2 ) divided by the percentage of the maximal displacement to the UHPT. The energy dissipation during one loading-unloading cycle was calculated from loaddisplacement curves (Fig. 3) . The upper loading curve, and the lower unloading curve formed a hysteresis pattern with a closed area representing the dissipated energy. Thus the EDR, representing the shock absorbency of the heel pad, was given by the following equation: EDR = (Enclosed area/area under loading curve) ‫ן‬ 100% The areas were estimated by numerical integration based on the trapezoidal rule using MATLAB (MathWorks, Natick, Massachusetts).
To determine the reliability of the method, we performed a test-retest procedure. The test-retest coefficient of variance (CV) for the parameters of UHPT, CI, and Ep ranged from 1% to 3%. The CV for EDR was 8%. Each patient was tested once in this study.
The Wilcoxon signed-rank test was used to compare the mechanical properties between the uninjured and reconstructed heel pads. A p value of less than 0.05 was regarded as statistically significant. Diagram to show the loading-unloading device with the subject prone, the knee in 90° flexion and the ankle in neutral (A1, manual knob; A2, screw-travel positioner; A3, adaptor to connect the push-pull scale and positioning unit; A4, push-pull scale; A5, adaptor to connect the push-pull scale and the ultrasound transducer; A6, ultrasound transducer; B1, foot placement board with a nylon fixation strap; and B2, ankle fixator, which can be adjusted to different heights).
Results
We measured both heels of all seven patients. The mean UHPT was 1.84 ± 0.19 cm on the uninjured side and 1.46 ± 0.55 cm on the reconstructed side. The difference was not statistically significant (Wilcoxon signed-rank test, p = 0.142) (Table II) . Figure 3 shows a typical load-displacement record during the loading-unloading cycle. The tested heel pads showed non-linear stiffness, with the pads becoming more stiff as the applied load increased. The EDR, CI, and Ep values were calculated from X-Y plots of displacement v load. The mean CI was 58.6 ± 5.8% on the uninjured side and 46.2 ± 16% on the reconstructed side. The mean Ep was also higher on the uninjured side, 1. An example of a load-displacement curve. The upper loading curve, and the lower unloading curve form a closed area. The EDR was defined as the ratio of this closed area to the area formed by the loading curve, the dotted line and the X-axis. No single value can be used to characterise the slopes of the curves, since they become steeper in three phases (I to III) as more compression occurs. nificantly increased on the reconstructed side (53.7 ± 18% v 23.4 ± 6.5%, p = 0.003).
Discussion
The heel pad which is located beneath the calcaneus, consists of dense strands of fibrous septa and closely packed fat cells. 22 The fibrous septa, rich in collagen fibres, form large sealed compartments which retain fat. 23 The heel pad is an efficient shock absorber attenuating the peaks of dynamic forces and dampening vibrations. 24 Part of the impact energy involved in the deformation of the heel pad during walking is dissipated as heat and part is recovered in the subsequent elastic recoil. 25 No other body tissue can duplicate the characteristics of the heel pad making plantar tissue itself ideal for resurfacing the sole. 19 Revascularisation of the soft tissue has been recommended, whenever possible, in the treatment of degloving injuries of the heel. 4, 14 The salvaging of uninjured heel tissue allows a more physiological distribution of pressure beneath the heel. In our series the mean UHPT of the uninjured heels was 1.84 cm, which is similar to that of previous reports. [26] [27] [28] Reconstructed heels with local flaps were markedly thinner because they consisted of a cutaneous layer only. Kerr reported a CI of 45.3% in healthy feet using a 5 MHz sector array transducer under a maximal pressure of 3 kg/cm 2 . 28 The mean CI of the uninjured heels in our study was higher (58.6%) which is explained by the fact that a lower maximal pressure (0.6 kg/cm 2 ) was used. A higher value of CI indicates a lower compressibility of the heel pad while a high value of Ep indicates greater stiffness. Although the difference of CI and Ep between the uninjured and reconstructed groups was not statistically significant, our data showed that the reconstructed heel pads were softer than those of the uninjured side.
According to the first law of thermodynamics, energy used to deform a damper is converted to heat and cannot be fully recovered as mechanical energy. When a viscoelastic element is cyclically loaded and unloaded, a characteristic loop is developed. The area enclosed by the loop represents how much energy has been lost and indicates the shock absorbency of the heel pad in our study (Fig. 3) . Tests on isolated heel pads in vitro using a materials testing machine 25 revealed energy losses of about 30%, which is close to the EDR which we obtained in the uninjured heels (23.4%). We found a higher value of the EDR in reconstructed heels which indicated the inevitable loss of the elasticity of the heel pad on reconstruction. The loss of organised fibrous chambers in the transferred flaps could be the reason for the poor rebound response during the unloading phase.
Bony protuberance projecting from the undersurface of the calcaneus and elevated peak plantar pressures have often been noted after flap reconstruction of the heel. 11, 29 Thus, focal concentrations of high pressure in the softer and less elastic reconstructed tissue may result in breakdown. A combination of loss of plantar calcaneal integrity, increased pressure concentrations, insensitivity of the flap and altered mechanical properties appear to be causally related to the development of ulceration of the free flap.
Most in vivo or in vitro attempts to study the mechanical properties of the heel pad have been based on load-deformation relationships. Several studies utilised a ballistic pendulum 30, 31 to strike the heel while others utilised a drop impact test [32] [33] [34] [35] [36] to obtain a load-deformation curve of the heel. Direct visualisation of the deformity in the heel pad during the loading-unloading cycle is a better way of determining the mechanical properties of the living human heel pad. Thus, ultrasonography is the ideal technique because it allows for real-time continuous imaging. One of the limitations of our study, however, was the lack of information about the response of reconstructed heel pads to shear force, which may also play an important role in the development of complications after reconstruction of the heel.
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